INTRODUCTION
============

Prion diseases are invariably fatal, transmissible neurodegenerative disorders that include Creutzfeldt--Jakob disease (CJD); Gerstmann--Sträussler--Scheinker syndrome (GSS); fatal familial insomnia and kuru in humans, scrapie in sheep, bovine spongiform encephalopathy (BSE) in cattle and chronic wasting disease in cervids. According to the protein-only model of prion propagation, these diseases are associated with the conformational conversion of the host-encoded cellular prion protein (PrP^C^), into an abnormal pathogenic isoform (PrP^Sc^) by a protein-only template-directed mechanism ([@gks832-B1]). Prion diseases are characterized by a protracted asymptomatic pre-clinical period, whereby PrP^Sc^ continually propagates, prior to the rapid onset of dementia, neuronal loss, spongiform change and ultimately death \[reviewed in ([@gks832-B2])\]. Effective diagnosis and treatment of prion disease is hampered by the absence of effective ante-mortem diagnostic methods. The identification of non-invasive, sensitive and specific diagnostic markers during the pre-clinical phase is of major importance.

Exosomes are small membranous vesicles, 50--130 nm in diameter, that derive from the invagination of endosomal compartments called multivesicular bodies (MVBs) to form intraluminal vesicles (ILVs). ILVs are released into the extracellular environment as exosomes when the MVB fuses with the plasma membrane ([@gks832-B3]). Several studies have identified exosomes to be released by different cell types with various functions in platelet activation, antigen presentation, immune response, cell--cell communication and spread of infectious agents ([@gks832-B3]). Previously, it has been demonstrated that PrP^C^ and PrP^Sc^ are released in association with exosomes and can transmit infection both *in vitro* and *in vivo* ([@gks832-B4],[@gks832-B5]). Furthermore, exosomes released from prion-infected cells can initiate prion infection of cells originating from different tissues ([@gks832-B5]). This is a significant observation as exosomes may mimic the spread of infectivity to peripheral tissues in the spread of neurodegenerative disease ([@gks832-B6]). Exosomes have also been shown to contain messenger RNA (mRNA) and microRNA (miRNA) that can be unidirectional and functionally transferred between cells ([@gks832-B7],[@gks832-B8]).

miRNAs are a class of non-coding RNA (ncRNA) species of ∼22 nt in length that functionally repress target mRNA by binding their 3′-untranslated regions ([@gks832-B9]). In mammals, gene regulation is achieved by mismatch base paring of mature miRNA sequence with the target mRNA allowing post-translational repression or in some cases up-regulation ([@gks832-B10]). miRNAs are involved in several biological processes, such as proliferation, development, differentiation and apoptosis ([@gks832-B11]). Since a single miRNA can potentially target hundreds of genes, aberrant miRNA expression can also initiate disease, such as cancer ([@gks832-B12]). Significantly, miRNA profiles of circulating exosomes isolated from peripheral blood ([@gks832-B13]), serum ([@gks832-B14],[@gks832-B15]) and saliva ([@gks832-B16]) have been generated and suggest they have diagnostic potential for human disease. Indeed, the study by Skog *et al.* ([@gks832-B15]), demonstrated that glioblastoma could be diagnosed by analysing the exosomal miRNA profile in serum.

miRNA signatures have also been reported in prion-infected mice and primates ([@gks832-B17],[@gks832-B18]). Both studies examined the miRNA profile in brain tissue of terminally prion-infected animals after clinical symptoms of disease were well established and determined a subset of miRNAs to be significantly deregulated. However, the role of miRNA deregulation in circulating exosomes during prion disease remains unknown. Therefore, we investigated whether prion-infected exosomes contain a specific miRNA signature that could also be utilized for diagnosis and increasing our understanding of cellular pathways involved in prion disease. To do this, we utilized a neuronal cell culture system that mimics pre-clinical disease by continually propagating prion infection and releasing exosomes containing prion infectivity ([@gks832-B5]). Utilizing small RNA deep sequencing, we demonstrate that exosomes released from prion-infected neuronal cells contain a variety of small RNA sequences as well as known and candidate miRNA. In particular, we report a specific miRNA signature is associated with exosomes released from prion-infected neuronal cells that can be utilized for disease diagnostics and we discuss the possible role of exosome-mediated transfer of miRNAs during prion infection and propagation.

MATERIALS AND METHODS
=====================

Reagents and antibodies
-----------------------

Unless specified, all reagents are from Sigma. The following antibodies and concentrations were used for western blotting: anti-PrP antibody ICSM-18 (D-Gen Limited, UK) at 1:25 000, anti-tsg101 (M-19, Santa Cruz Biotechnology) at 1:3000, anti-GM130 at 1:250, anti-Bcl-2 (BD Biosciences) at 1:1000, anti-nucleoporin (p62, BD Biosciences) at 1:1000, anti-flotillin-1 (BD Biosciences) at 1:3000, anti-mouse HRP (GE Healthcare) at 1:25 000 and anti-goat HRP (Sigma) at 1:100 000.

Cell culture and prion infection
--------------------------------

Mouse hypothalamic neuronal (GT1-7) cell lines were maintained at 37°C in 5% CO~2~ and cultured in Opti-MEM (Invitrogen), supplemented with 10% exosome-depleted heat-inactivated foetal calf serum (FCS) (Invitrogen). The M1000 prion strain was prepared from brains of terminally sick BALB/c mice infected with the mouse-adapted human Fukuoka-1 prion strain. In order to generate cells persistently infected with prions, GT1-7 cells were seeded into six-well plates (Nunc) and then incubated with 1% (w/v) normal brain homogenate or M1000 brain homogenate as previously described ([@gks832-B5]). After 5 h post-inoculation, additional Opti-MEM was added and cells were incubated for a further 3 days. Cells were then washed in phosphate buffered saline (PBS) and passaged as described. The preparation of M1000 brain homogenate is described in [Supplementary Methods](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1).

Exosome isolation
-----------------

Exosomes were routinely isolated and purified from the media of uninfected or M1000 prion-infected GT1-7 cell cultures using the differential centrifugation protocol as described previously ([@gks832-B5]). Briefly, GT1-7 cells (∼2 × 10^7^ cells or 5 × T175 flasks) were cultured in exosome free media (complete media containing exosome-depleted FCS) for 4 days. Culture supernatants were collected and cellular debris was removed by centrifugation at 3000*g* for 10 min. The supernatant was filtered (0.2 µm) and filtrate was centrifuged at 10 000*g* for 30 min at 4°C. The supernatant was collected and centrifuged 100 000*g*~(av)~ to pellet exosomes. Exosome pellets were then washed in filtered PBS and re-centrifuged at 100 000*g*~(av)~, the supernatant was removed and the final exosome pellet was re-suspended in 100 µl PBS.

Transmission electron microscopy
--------------------------------

A 20-µl aliquot of exosomes was fixed with 1% glutaraldehyde for 30 min; 6 µl was then absorbed onto glow-discharged 300-mesh heavy-duty carbon-coated formvar Cu grids (ProSciTech, SA, Australia) for 2 min and excess blotted on filter paper (Whatman). Grids were washed twice with MilliQ water and negatively stained with 2.5% uranyl acetate. Data were collected on a Tecnai G2 F30 transmission electron microscope (FEI, Eindhoven, The Netherlands) operating at 300 kV, with defocus between 10 and 16 µm, across 15 000× to 36 000× magnification.

Total RNA isolation
-------------------

Total RNA from exosomes and cultured cells were isolated using mirVana miRNA Isolation Kit (Ambion) with the use of TRIzol (Invitrogen) for organic phase separation. The amount, quality and composition of isolated RNA were analysed by BioSpec-nano (Shimadzu) for total RNA and an Agilent 2100 Bioanalyzer for total RNA and small RNA profiles using RNA 6000 Nano and Small RNA Kits (Agilent). The isolation of total RNA, including miRNA, is described in [Supplementary Methods](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1).

Western blotting
----------------

Cells and exosomes were incubated on ice in lysis buffer (150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, 50 mM Tris pH 7.4) containing complete protease inhibitors (Roche) and supernatants were collected to determine protein concentration by BCA assay (Pierce). One hundred micrograms of total protein was digested with proteinase K (PK, 25 µg/ml) for 1 h at 37°C and proteolysis was stopped by the addition of 4 mM phenylmethylsulfonyl fluoride. Proteins were collected by methanol precipitation, boiled in SDS--PAGE sample buffer \[2% (w/v) sodium dodecyl sulphate (SDS), 10% (v/v) glycerol, 12.5 mM ethylenediaminetetraacetic acid, 2 mg bromophenol blue, 50 mM Tris pH 6.8\] with 5% ß-mercaptoethanol and analysed by SDS--PAGE on NuPAGE Bis--Tris (4--12%) gradient acrylamide gels (Invitrogen). Proteins were electroblotted onto polyvinylidene difluoride (PVDF) membranes and detected by enhanced chemiluminescence (ECL) (GE Healthcare), according to the manufacturer's instructions.

miRNA profiling
---------------

The expression of miRNA in cells and exosomes was profiled using stem--loop quantitative RT-PCR (qRT-PCR) miRNA assays on TaqMan low-density array cards (TLDA) cards (Rodent Array Card A v2.0, Applied Biosystems). The cards contain assays for 375 Rodent mature miRNAs present in the Sanger miRBase v13.0. qRT-PCRs were performed with Megaplex Primers Pool A with pre-amplification according to the manufacturer's instructions. Briefly, total RNA (3 µl per sample/card) was reverse transcribed using TaqMan miRNA Reverse Transcription Kit (Applied Biosystems) with Megaplex Primers Pool A and then pre-amplified with Megaplex PreAmp Primers Pool A (Applied Biosystems). The pre-amplified cDNA was run on TLDA cards on Applied Biosystems 7900HT using the manufacturer's recommended cycling conditions. C*~t~* values \>35 were below detection limit and excluded. Data were analysed by the ΔΔC*~t~* method with uninfected as the reference and snoRNA135 and snoRNA202 as the most stable endogenous controls as determined by geNorm and NormFinder algorithms using DataAssist Software v3 (Applied Biosystems). Full details of cDNA amplification are provided in [Supplementary Methods](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1).

Small RNA deep sequencing
-------------------------

Total RNA, containing the small RNA fraction, was converted into cDNA libraries using the SOLiD Small RNA Expression Kit (Applied Biosystems), according to manufacturer's instructions. Briefly, total RNA (3 µl per sample, ∼100--250 ng small RNA) was ligated overnight with adapters 'A', reverse transcribed, RNAse H-treated and PCR amplified with unique barcode-labelled amplification primers, before size selection on 6% native polyacrylamide gels. DNA fragments between 105 and 150 bp corresponding to the small RNA population were excised, eluted and precipitated. The final DNA pellet was air dried and re-suspended in 20 µl of nuclease-free water. The size, quantity and quality of DNA in each final small RNA library were verified using DNA 1000 Kit (Agilent). Equimolar amounts for each final library were pooled at a final concentration of 41 pg/µl and used in the emulsion PCR and template bead preparation, according to the manufacturer's instructions (Applied Biosystems, SOLiD System 4.0 user guide). Barcoded template beads from all libraries were deposited on a single slide and sequenced using the SOLiD 4 Platform (Applied Biosystems). The results were obtained as colorspace FASTA files (csfasta). Primary small RNA sequencing data for all four exosomal small RNA libraries were available from the NIH short reads archive (SRA048148). The generation of small RNA libraries is explained in detail in [Supplementary Methods](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1).

Bioinformatics
--------------

Analysis of the SOLiD csfasta files was performed by miR-Intess small RNA pipeline (InteRNA Genomics B.V., The Netherlands). Briefly, the pipeline is designed to pre-process raw reads to trim and remove adapter sequences and generate high-quality reads that can be mapped to the mouse genome assembly NCBIM37 and miRBase v16 ([@gks832-B19]). Aligned reads were classified according to genomic loci annotations. Reads that aligned to intergenic or intronic regions but not to exons, repeats or structural RNAs, were used in the miRNA discovery part of miR-Intess pipeline to identify novel and candidate miRNAs following strict guidelines. Sequence reads that were classified as sense RNA (mRNA fragments) or ncRNA were further annotated by CLC Genomics Workbench (CLC Bio) to mouse genome assembly NCBIM37 and NONCODE v3 database ([@gks832-B20]), respectively. Full details of the miR-Intess small RNA pipeline are described in [Supplementary Methods](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1).

miRNA validation assays
-----------------------

Individual TaqMan miRNA assays (Applied Biosystems) were performed according to the manufacturer's instructions. Briefly, 5 µl of total RNA isolated from cells and exosomes was converted to cDNA using the microRNA reverse transcriptase Kit (Applied Biosystems) with 3 µl of specific miRNA assay RT primer in a reaction volume of 15 µl. cDNA was diluted and setup in quadruplicate qRT-PCRs containing 1 µl of specific TaqMan miRNA assay using the QIAgility liquid-handling robot (QIAGEN) and run on a StepOnePlus qRT-PCR instrument (Applied Biosystems) using the manufacturer's recommended cycling conditions. Data were analysed by the ΔΔC*~t~* method with uninfected as the reference and snoRNA135 and snoRNA202 as endogenous controls using DataAssist Software v3 (Applied Biosystems). Full details of TaqMan miRNA assays and primers are described in [Supplementary Methods](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1).

Pathway analysis
----------------

Potential miRNA targets were identified from TargetScan, TarBase, miRecords and Ingenuity Knowledge Base using Ingenuity Pathway Analysis Software v9.0 (Ingenuity Systems). miRNA Target filter was then applied to identify experimental validated targets and analysed for known interactions with the prion gene and protein.

Statistical analysis
--------------------

All data represent the mean ±SEM and statistical Mann--Whitney *U*-tests were performed using GraphPad Prism v4 (GraphPad Software).

RESULTS
=======

Exosomes released from prion-infected mouse hypothalamic neuronal cells contain miRNA
-------------------------------------------------------------------------------------

Cellular models of prion disease infectivity in mouse hypothalamic neuronal (GT1-7) cells have been well established ([@gks832-B21]). These cells were infected with the mouse-adapted M1000 strain (also referred to as Fukuoka-1) ([@gks832-B22]), which was derived from a patient with GSS, and is a valid model for generating infectious PrP^Sc^ as indicated by the presence of proteinase K (PK)-resistant PrP ([Figure 1](#gks832-F1){ref-type="fig"}A). Exosomes were isolated from normal and M1000-infected GT1-7 cells using ultracentrifugation and shown to be positive for presence of PK-resistant PrP^Sc^ ([Figure 1](#gks832-F1){ref-type="fig"}A). The purity of exosome preparations was determined by western blotting with a panel of antibodies for endosomal, plasma membrane, nuclear, Golgi and mitochondrial markers, and by transmission electron microscopy (TEM). Exosomes were enriched in tsg-101 and flotillin-1 while no detectable GM130, nucleoporin or Bcl-2 was present indicating that our exosome preparations were enriched in proteins of endosomal origin and that no contaminating nucleus, Golgi, mitochondrial and apoptotic membranes were present ([Figure 1](#gks832-F1){ref-type="fig"}B). TEM demonstrated that exosomes isolated from GT1-7 cells were composed of extracellular vesicles of ∼100 nm in size and consistent with the known morphology ([Figure 1](#gks832-F1){ref-type="fig"}C). Figure 1.Exosomes isolated from prion-infected cells contain small RNA. (**A**) Western blot of PrP^C^ and PrP^Sc^ in GT1-7 cell lysates and GT1-7 exosomes. Anti-PrP antibody ICSM-18 reveals the presence of PrP in GT1-7 cell (C) lysates and GT1-7 exosome (E) lysates (40 µg total protein loaded) from both non-infected and infected samples, and following PK-digested (100 µg total protein digested with 25 µg/ml PK) PrP^Sc^ is indicated by presence PK-resistant protein in infected (C) cell lysates and exosomes (E). (**B**) Isolated exosomes were confirmed by enrichment of exosome markers tsg-101 and flotillin-1, and negative for Golgi marker GM130, nuclear marker nucleoporin and mitochondrial marker Bcl-2. Asterisks indicate non-specific band for anti-nucleoporin, p62. (**C**) Representative TEM of non-infected GT1-7 exosomes revealed homogenous populations of extracellular vesicles of ∼100 nm in diameter that are characteristic of exosomes. Scale bar 200 nm. (**D**) Bioanalyser analysis of RNA isolated from cells and exosomes on the total RNA and small RNA Chips. Exosomes lack detectable 18 S and 28S rRNA bands compared to total cell RNA. Cells and exosomes both contain miRNA between 4 and 40 nt, with exosomes enriched in tRNA at ∼60 nt.

Exosomal RNA has been isolated from exosomes derived from mast cells and cancer cells ([@gks832-B7],[@gks832-B14],[@gks832-B23]); however, the presence of miRNA and mRNA in neuronal cell-derived exosomes has yet to be determined. Using our exosomes from uninfected and infected GT1-7 cells, we isolated total RNA including the small RNA fraction. The quality and quantity of the isolated RNA were determined using an Agilent Bioanalyzer ([Figure 1](#gks832-F1){ref-type="fig"}D). Total RNA bioanalyser profiles indicated that neuronal cell-derived exosomes lack detectable amounts of 18S and 28S ribosomal RNA (rRNA) species in agreement with exosomes derived from other cell lines ([@gks832-B7],[@gks832-B14],[@gks832-B23]). Small RNA bioanalyser profiles between cells and exosomes indicated that neuronal cell-derived exosomes are enriched in transfer RNA (tRNA) species and contain small RNA between 4 and 40 nt in length consistent with miRNA. This is the first demonstration to our knowledge that neuronal cell-derived exosomes contain both mRNA and miRNA species.

Prion-infected exosomes contain a subset of dysregulated miRNA
--------------------------------------------------------------

Utilizing the isolated miRNA from uninfected and prion-infected cells and their corresponding exosomes, we profiled the miRNA using TLDA cards that can detect 375 known miRNA species. We detected 194 (∼52%) miRNAs in GT1-7 cells with 189 of these detected in both uninfected and prion-infected cells ([Figure 2](#gks832-F2){ref-type="fig"}A and [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). Five miRNAs were exclusively detected at low levels in either uninfected or infected cells. miR-210 (Av C*~t~* \> 30) and miR-294 (Av C*~t~* \> 34) were only detected in uninfected cells ([Figure 2](#gks832-F2){ref-type="fig"}A and [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)), while miR-20 a, miR-451 (Av C*~t~* \> 33) and miR-302 b (Av C*~t~* \> 32) were only detected in infected cells ([Figure 2](#gks832-F2){ref-type="fig"}A and [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). In exosome preparations isolated from the same cells, we detected 157 (∼42%) specific miRNAs in both uninfected and prion-infected exosomes ([Figure 2](#gks832-F2){ref-type="fig"}B and [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). Relative quantitation of the 189 miRNAs detected in both uninfected and prion-infected cells identified 12 miRNAs that were \>2-fold up-regulated and 5 miRNAs that were \<2-fold down-regulated upon prion infection in GT1-7 cells ([Figure 2](#gks832-F2){ref-type="fig"}C). While, relative quantitation of 157 miRNAs detected in both uninfected and prion-infected exosomes identified several miRNAs that were differentially expressed. miR-182, miR-29 b, miR-296-3 p and miR-424 were \>2-fold up-regulated and miR-126-3 p, miR-134, miR-146 a, miR-186, miR-188-5 p, miR-193 b, miR-222 and miR-380-5 p were \<2-fold down-regulated in exosomes released from prion-infected neuronal cells ([Figure 2](#gks832-F2){ref-type="fig"}D). Notably, miR-146a and miR-222 were \<2-fold down-regulated upon prion infection in both cells and exosomes ([Figure 2](#gks832-F2){ref-type="fig"}C and D). Overall, these results suggest that the miRNA profile between cells and exosomes is differentially expressed upon prion infection and also agrees with observations that miRNA is sorted and released in exosomes by unknown mechanisms ([@gks832-B24],[@gks832-B25]). Figure 2.Profiling of miRNA Isolated from prion-infected cells and exosomes. (**A**) Venn diagram of detected miRNA in uninfected and prion-infected cells with TLDA cards that detect 375 known miRNA (*n* = 2). (**B**) Venn diagram of detected miRNA in uninfected and prion-infected exosomes with TLDA cards that detect 375 known miRNA (*n* = 2). (**C**) Relative quantitation of 189 miRNA is detected in uninfected and infected cells. Twelve miRNAs were detected \>2-fold up-regulated and five miRNAs were detected as \<2-fold down-regulated. Data represent mean ± SEM normalized to sno135 and sno202 endogenous controls using ΔΔC*~t~* method (*n* = 2). (**D**) Relative quantitation of 157 miRNAs detected in uninfected and infected exosomes. Four miRNAs were detected \>2-fold up-regulated and eight miRNA were detected as \<2-fold down-regulated. Data represent mean ± SEM normalized to sno135 and sno202 endogenous controls using ΔΔC*~t~* method (*n* = 2).

Exosomal small RNA deep sequencing with SOLiD platform
------------------------------------------------------

Next-generation sequencing technologies have been utilized to profile miRNA in several species including plants, rice, insects, chickens, rodent and human tissues ([@gks832-B26; @gks832-B27; @gks832-B28; @gks832-B29; @gks832-B30; @gks832-B31]). Using the miRNA fraction isolated from neuronal cell-derived exosomes for TLDA studies, we generated small RNA cDNA libraries from uninfected and prion-infected exosomes and performed, to our knowledge, the first study of small RNA deep sequencing of exosomes using the SOLiD platform. Small RNA sequencing the exosome libraries yielded raw reads that were pre-processed and trimmed to remove adapter sequences using the miR-Intess small RNA pipeline to identify high-quality reads that were considered for further analysis ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). Reads were subsequently mapped to identify 4 395 094 and 3 676 525 reads that matched sequences in the mouse genome and miRBase in uninfected and prion-infected exosomes, respectively ([Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). The composition of the exosome libraries revealed that uninfected and prion-infected exosomes contained RNA repeat regions (∼50%) comprising retroviral sequences SINEs and LINEs, a very small proportion of rRNA (0.48%) consisting of mostly 5 S RNA sequences ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)), ∼33% of sequences mapped to the genome comprising mRNA fragments ([Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)), ncRNA and other RNA hairpin and non-hairpin regions. The remaining (∼15%) sequences were annotated to small RNA sequences derived of miRBase miRNA, candidate miRNA, tRNA, small nucleolar RNA (snoRNA), small nuclear RNA (snRNA), silencing RNA (siRNA), siRNA derived from ncRNAs and small cytoplasmic RNA (scRNA) ([Figure 3](#gks832-F3){ref-type="fig"} and [Supplementary Table S5](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). Figure 3.Small RNA library composition from deep sequencing of neuronal exosomes. (**A** and **B**) Percentage reads mapping in uninfected exosome (A) and infected exosome (B) libraries to RNA repeats, rRNA, genomic regions and small RNA. Small RNA mapping is further categorized to tRNA, siRNA and siRNA derived from ncRNA, snoRNA, scRNA, snRNA, mirBase miRNA and candidate miRNA sequences (*n* = 2).

Sequence reads that mapped to ncRNAs were further annotated to the NONCODE database ([@gks832-B20]). The most abundant ncRNAs identified included 7SL RNA and Y RNA ([Supplementary Figure S1C](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). Other ncRNA species identified to be of high abundance annotated to classes of mRNA-like long ncRNAs ([Supplementary Figure S1D](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)), piwi-interacting RNAs, long intronic ncRNAs and other non-functional annotated ncRNAs ([Supplementary Figure S1E](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). Normalization of abundant ncRNA sequence reads suggested that no discernible difference can be seen between uninfected and prion-infected exosomes libraries ([Supplementary Figure S1C--E](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)).

miRBase annotation identified 401 known miRNAs from 12 818 small RNA reads (0.99%) in exosomes released from uninfected cells ([Figure 3](#gks832-F3){ref-type="fig"}A), while exosomes from prion-infected cells contained 8738 small RNA reads (0.73%) that mapped to 335 known miRNAs ([Figure 3](#gks832-F3){ref-type="fig"}B). The miR-Intess analysis pipeline also determined 20 665 small RNA reads (1.58%) that annotated to 756 candidate novel miRNAs in uninfected exosomes ([Figure 3](#gks832-F3){ref-type="fig"}A) and 16 094 small RNA reads (1.34%) that annotated to 739 candidate novel miRNAs in prion-infected exosomes ([Figure 3](#gks832-F3){ref-type="fig"}B). Our candidate miRNA sequences mapped to genomic regions that did not overlap with other annotated transcripts and the flanking sequence folded to form predicted miRNA precursor-like hairpins. However, further work is required to annotate *bona fide* miRNAs from other transcripts among our candidate miRNA sequences, including detection of mature ∼22 nt endogenous sequences and Dicer knockdown to confirm that candidates are processed in the miRNA biogenesis pathway.

Together, our results from small RNA sequencing of exosomes demonstrate for the first time that a diverse range of small RNA sequences are packaged within exosomes and the content is not limited to protein, mRNA and miRNAs as previously reported ([@gks832-B7]).

Known miRNAs sequence reads in prion-infected neuronal exosomes
---------------------------------------------------------------

We observed a range of read counts from 1 to 347 and 1 to 214 that mapped to known miRBase miRNAs in exosomes released from uninfected and prion-infected cells, respectively ([Figure 4](#gks832-F4){ref-type="fig"}A). For comparison, the number of reads for a given miRNA was normalized to the total number of miRNA reads in each exosome library, giving the percent normalized read count for each miRNA. Normalization identified miR-29 a as the most abundant miRNA in exosomes released from uninfected and prion-infected cells ([Figure 4](#gks832-F4){ref-type="fig"}B and [Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). The top 20 most abundant exosome miRNAs included several family members that contain identical seed regions, including let-7 a/7 b/7 c/7i, miR-29 a/29 b/29 c, miR-130 a/130 b/301 a, miR-125 a-5 p/125 b and miR-23 a/23 b families ([Figure 4](#gks832-F4){ref-type="fig"}B and [Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). Interestingly, let-7 b and miR-342-3 p, which have previously been shown to be up-regulated in prion-infected brain tissue ([@gks832-B17],[@gks832-B18]), were also identified among the highly represented exosomal miRNAs. Differentially expressed miRNAs were determined by fold change in normalized read counts between uninfected and infected exosome miRNA sequences. let-7i, miR-21, miR-29 b, miR-130 a, miR-344-3 p and miR-378 were all \>1.3-fold increased in prion-infected exosomes, while miR-23 a, miR-23 b and miR-93 were all \<1.3-fold decreased in prion-infected exosomes ([Table 1](#gks832-T1){ref-type="table"}). It was notable that several miRNA sequences detected using TLDA cards failed to be detected during SOLiD small RNA sequencing. The most significant example we identified was miR-146 a, which failed to be detected in the exosome small RNA libraries, however is significantly down-regulated between uninfected and prion-infected exosomes on TLDA miRNA cards. One possible explanation to this discrepancy is the reported sequencing bias between high-throughput platform technologies and library preparation methods ([@gks832-B32],[@gks832-B33]). Side-by-side Illumina versus SOLiD small RNA sequencing demonstrated that some miRNAs are undetectable on either platform, with several miRNA including miR-146 a not detected by SOLiD small RNA sequencing ([@gks832-B33]). This underlies the need to validate deep sequencing data with other techniques. Figure 4.Known miRNAs sequenced in uninfected and prion-infected exosomes. (**A**) Distribution of known miRNA sequences in uninfected and infected exosomes based on the total read counts. Mature miRNA sequences are categorized by number of read counts corresponding to each individual miRNA (*n* = 2). (**B**) Top 20 known miRNAs expressed in uninfected and infected exosomes. The percent contribution of each miRNA sequence in the total pool of known miRNA sequences was calculated by dividing the individual miRNA read count by the total number of known miRNAs sequenced in the corresponding library (*n* = 2). Table 1.Differentially detected miRNA from small RNA sequencing of uninfected and infected exosomesmiRNAAbsolute reads uninfected exosomes (*n*)Absolute reads infected exosomes (*n*)Normalized uninfected exosomes[^a^](#gks832-TF1){ref-type="table-fn"} (%)Normalized infected exosomes[^b^](#gks832-TF2){ref-type="table-fn"} (%)Infected/ uninfected ratiomiR-130 a1761362.643.391.30miR-93145512.181.270.58miR-344-3 p1181051.772.621.48miR-23 b106431.591.070.67miR-21103801.552.001.30miR-23 a100401.501.000.66miR-37882701.231.731.41let-7i58470.871.171.35miR-29 b48380.720.951.32[^1][^2]

Exosomes released from prion-infected cells contain deregulated miRNAs
----------------------------------------------------------------------

To validate known miRNAs that are potentially dysregulated in exosomes isolated from the culture medium of prion-infected neuronal cells, we performed qRT-PCR with specific TaqMan miRNA assays. Due to limitations in the quantity of miRNA within exosomes, we were restricted to the number of miRNA assays that we could validate without resorting to pre-amplification techniques that could potentially bias results. Therefore, we carefully selected miRNAs ([Table 2](#gks832-T2){ref-type="table"}) that were dysregulated in our TLDA exosomes miRNA profiling studies ([Figure 2](#gks832-F2){ref-type="fig"}B), sequenced in abundance and identified to be differentially expressed in our exosomes small RNA libraries ([Table 1](#gks832-T1){ref-type="table"} and [Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)) or had previously been identified to be deregulated in prion disease. Several miRNAs detected as dysregulated from TLDA miRNA cards ([Figure 2](#gks832-F2){ref-type="fig"}B); miR-134, miR-182, miR-193 b and miR-380-5 p were unable to be validated with specific miRNA assay (C*~t~* \> 35). This is mostly likely due to pre-amplification of cDNA prior to TLDA card analysis introducing potential false positives when cycle threshold detection levels are \>30 ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). Table 2.Summary of dysregulated miRNA 'hits' in exosomes released from prion-infected neuronal cellsDeregulated in miRNA identified in TLDA studiesHighly abundant miRNA identified by SOLiD small RNA sequencingmiRNA dysregulated in prion-infected brain tissuemiR-126-3 p, miR-134,[let-7 b]{.ul}, **let-7i**, miR-103,[let-7 b]{.ul} ([@gks832-B17])[miR-146 a]{.ul}, miR-182,[miR-125 a-5 p]{.ul}, miR-125 b,[miR-103]{.ul} ([@gks832-B18])miR-186, miR-188-5 p,**miR-130 a**, miR-130 b,[miR-125 a-5 p]{.ul} ([@gks832-B17],[@gks832-B18])miR-193 b, miR-222,miR-16, **miR-21**,miR-128 a ([@gks832-B17],[@gks832-B18])miR-296-3 p, [miR-29 b]{.ul},**miR-23 a**, **miR-23 b**,[miR-146 a]{.ul} ([@gks832-B17])miR-380-5 p and miR-424miR-24, miR-296-5 p,[miR-342-3 p]{.ul} ([@gks832-B17],[@gks832-B18])miR-29 a, **[miR-29 b]{.ul}**, miR-29 c,miR-301 a, miR-30 b, miR-30 c,[miR-342-3 p]{.ul}, **miR-344-3 p**,**miR-378** and **miR-93**[^3]

qRT-PCR miRNA assay of uninfected and prion-infected exosomes identified significantly increased \>2-fold miR-21, miR-222 and miR-424 levels; \>1.5-fold increases in let-7 b, let-7i, miR-128 a, miR-29 b and miR-342-3 p levels; and \<4-fold decreased miR-146 a levels in exosomes released from prion-infected neuronal cells ([Figure 5](#gks832-F5){ref-type="fig"}A). While we validated several potential miRNAs ([Table 2](#gks832-T2){ref-type="table"}), miRNAs selected based upon abundance alone failed to show any significant difference in expression between uninfected and prion-infected exosomes, apart from previously identified deregulated miRNAs let-7 b and miR-342-3 p ([@gks832-B17],[@gks832-B18]). Interestingly, both TLDA deregulated miRNAs and differentially detected miRNAs from small RNA sequencing identified 3/9 or 33% and 4/12 or 33% miRNAs significantly dysregulated in prion-infected exosomes, respectively. This would suggest that both methods of miRNA profiling are equally informative in determining miRNA signatures. Figure 5.Validation of miRNA 'hits' in infected exosomes and cells. (**A**) Exosomes miRNA detection by TaqMan qPCR miRNA assay, miR-210 was used as a negative control for exosomal miRNA. Relative quantitation data represent mean ±SEM normalized to sno135 and sno202 using ΔΔC*~t~* method. Fold change \>1.5 or \<1.5 is indicated with significance determined by Mann--Whitney *U*-test; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 (*n* = 6--7 independent experiments, n.d. = not detected). (**B**) Cellular miRNA detection by TaqMan qPCR miRNA assay, miR-142-3 p was used as a negative control for cellular miRNA. Relative quantitation data represent mean ± SEM of normalized to sno135 and sno202 using ΔΔC*~t~* method. Fold change \>1.5 or \<1.5 is indicated by the dashed line with significance determined by Mann--Whitney U-test; \**P* \< 0.05; \*\**P* \< 0.01 (*n* = 6--7 independent experiments, n.d. = not detected).

To determine if changes observed within exosomes are also present in cells, we performed qRT-PCR miRNA assays on uninfected and prion-infected neuronal cells. In agreement with the exosome data, qRT-PCR validation of miR-146 a was significantly \<4-fold decreased in prion-infected cells, while let-7i and miR-21 were significantly \>1.5-fold increased in prion-infected cells ([Figure 5](#gks832-F5){ref-type="fig"}B). In contrast with our exosome data, miR-23 b was found to be significantly \> 2-fold increased in prion-infected cells, while let-7 b, miR-128 a, miR-222, miR-29 b, miR-342-3 p and miR-424 were not significantly altered in expression in prion-infected cells ([Figure 5](#gks832-F5){ref-type="fig"}B).

Interestingly, we found some correlation when we compared our validated prion-infected exosomal miRNA signature to previous miRNAs identified in brain tissue from terminally infected prion disease animal models ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). We identified significant increases in let-7 b, let-7i, miR-128 a, miR-21, miR-29 b, miR-222, miR-342-3 p and miR-424, while miR-146 a was significantly decreased in exosomes released from prion-infected neuronal cells. Previously, let-7 b, miR-146 a and miR-128 a were identified as being up-regulated in terminally ill mice infected with prion disease ([@gks832-B17]), and miR-128 a and miR-342-3 p were identified as being up-regulated in terminally prion-infected primates ([@gks832-B18]). miR-342-3 p was also identified as being elevated in prion-infected brain regions from human CJD samples ([@gks832-B18]). Overall, our results support the hypothesis that exosomes released from prion-infected neuronal cells contain a distinct miRNA signature.

DISCUSSION
==========

The cellular prion protein, PrP^C^, and the infectious form of the prion protein, PrP^Sc^, have been previously isolated in association with exosomes, with PrP^Sc^ containing exosomes capable of efficiently transmitting infection in both cellular and animal bioassays ([@gks832-B4],[@gks832-B5],[@gks832-B34]). This has lead to exosomes being proposed as a mechanism of prion dissemination in an infected host ([@gks832-B4],[@gks832-B5]) and to play a functional role in the spread of neurological disease ([@gks832-B6]). Exosomes also contain nucleic acid, mRNA and miRNA, which can be functional when transferred between cells ([@gks832-B7],[@gks832-B8]). Circulating exosomes have also been isolated from serum to profile miRNA for diagnosis of diseases such as cancer ([@gks832-B14],[@gks832-B15],[@gks832-B23]). Indeed, the existence of a circulating miRNA signature for detecting ovarian cancer from exosomes has been demonstrated. This miRNA signature significantly correlated with primary tumour miRNA expression in women with cancer compared to women with benign disease and was not identified in normal controls ([@gks832-B14]). Glioblastoma can also be diagnosed by a specific miRNA found to be over-expressed in tumours, and elevated in serum exosomes from patients compared to controls ([@gks832-B15]). A similarity between miRNA signatures in circulating exosomal miRNA and originating tumour cells was also found in lung adenocarcinoma, with a significant difference in exosomal miRNA levels between cancer patients and controls ([@gks832-B23]).

In this study, we determined that exosomes released from prion-infected neuronal cells contain a specific miRNA signature that may be utilized for diagnosis of disease and/or the presence of prion infection. This signature comprises significant up-regulated miRNAs let-7 b, let-7i, miR-128 a, miR-21, miR-222, miR-29 b, miR-342-3 p and miR-424 with down-regulated miR-146 a in exosomes released from prion-infected neuronal cells. These particular miRNAs are deregulated in a variety of cancers, and miRNAs let-7i, miR-128 a, miR-146 a, miR-29 b and miR-424 have been associated with neurological disorders in the miR2Disease database ([@gks832-B35]). miRNAs let-7i and miR-29 b are down-regulated in sporadic Alzheimer's disease (AD) brains ([@gks832-B36]), while miR-424 is up-regulated in AD white matter regions ([@gks832-B37]). Furthermore, miR-128 a is differentially deregulated depending upon the disorder, with up-regulation in AD ([@gks832-B36],[@gks832-B38]) and down-regulation in Huntington's disease ([@gks832-B39]). miR-146 a has been identified to be up-regulated in AD brains and both murine and human forms of prion disease ([@gks832-B17],[@gks832-B40; @gks832-B41; @gks832-B42]) and is suggested as a general mechanism of innate immune response and antiviral immunity ([@gks832-B41]). While these observations are in contrast to our study, increased miR-146 a expression during prion infection is localized to activated microglia cells ([@gks832-B40]).

Importantly, the deregulated exosomal miRNAs identified in this study correlate with previously reported miRNA changes associated with terminally infected mouse and primate models of prion disease ([@gks832-B17],[@gks832-B18]). Specifically, let-7 b, miR-128 a and miR-342-3 p are significantly up-regulated in terminally prion-infected mouse brains ([@gks832-B17]), while miR-128 a and miR-342-3 p are significantly up-regulated in brain tissue from primate models infected with BSE prion strains ([@gks832-B18]). In addition, our results also agree with the reported increase in miR-342-3 p in human brain samples from Type 1 and Type 2 sporadic CJD ([@gks832-B18]), suggesting that common pathways may be regulated in prion-infected neuronal cells, animal models infected with prion disease and idiopathic forms of prion disease.

Indeed several studies suggest that miRNA present in exosomes can be functionally transferred to recipient cells and activate or repress cellular pathways ([@gks832-B7],[@gks832-B43; @gks832-B44; @gks832-B45]). Viral miRNAs secreted from infected cells through exosomes have shown to be internalized in recipient cells and functionally repress viral target genes ([@gks832-B43]). While more recently it was demonstrated that macrophages regulate the invasiveness of breast cancer through exosome-mediated delivery of miRNA into cells promoting metastasis ([@gks832-B45]). This raises the possibility that transfer of exosomal miRNA from prion-infected cells to uninfected cells may target genes and modulate pathways involved in prion protein propagation and spread of infection. let-7 b, let-7i, miR-128 a, miR-21, miR-222, miR-29 b, miR-342-3 p and miR-424 collectively can target 5916 predicted mRNAs, with 385 experimental validated genes ([Supplementary Table S7](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). Pathway analysis identified several genes that have known interactions with the prion protein including BACE1, SP1, p53, AGO1 and AGO2 ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)). miR-29b has been shown to increase the expression of p53 protein ([@gks832-B46]), while p53 can bind to and increase SP1 promoter binding activity ([@gks832-B47]). Furthermore, SP1 and p53 transcription factors have both been identified to regulate the expression of the *PRNP* gene ([@gks832-B48],[@gks832-B49]). Since PrP^C^ is explicitly required for prion protein infection ([@gks832-B50]), deliver of miRNAs in exosomes derived from prion-infected neuronal cells may activate *PRNP* gene expression, therefore stimulating production of PrP^C^ in recipient cells for conversion to PrP^Sc^ and subsequent propagation of infection in the host cell. This supports the mechanism of circulating exosomes in the spread of infection in the host organism. Furthermore, our cellular miRNAs up-regulated during prion infection let-7i, miR-21 and miR-23 b can also increase p53 expression ([@gks832-B51]), suggesting that activation of *PRNP* gene regulation via p53 expression may be involved in propagation of prion infection. This is supported by observations that p53 knockout mouse cerebellum cells are resistant or have reduced susceptibility to prion infection ([@gks832-B52]).

Our data also show that the miRNA profile identified in prion-infected exosomes has a remarkably different profile to that of cells ([Figure 5](#gks832-F5){ref-type="fig"}A and B), with only let-7i, miR-21 and miR-146 a significantly deregulated in both prion-infected cells and exosomes. By contrast, let-7 b, miR-128 a, miR-222, miR-29 b, miR-342-3 p and miR-424 are up-regulated in exosome released from prion-infected cells, while miR-23 b is up-regulated in prion-infected neuronal cells. This is in agreement with a proposed selective mechanism for the incorporation and release of miRNA in exosomes with several studies demonstrating that exosomes contain little or no 18 S and 28 S cellular ribosomal species; not all mRNA and miRNA contained within cells can be detected in exosomes, and that some mRNA and miRNA can be directly targeted and packaged in exosomes ([@gks832-B7],[@gks832-B13],[@gks832-B14],[@gks832-B25],[@gks832-B53]). These observations suggest that miRNA is selectively incorporated into ILVs as opposed to random events or contamination during the process of exosome isolation.

While the precise mechanism remains unknown, the MVB has been identified as a site for small RNA loading of the RNA-induced silencing complex with GW182 and AGO proteins and miRNA-repressible mRNA transcripts enriched at the MVB ([@gks832-B24]). Moreover, it was suggested that while miRNA-repressible transcripts are enriched at the MVB, they seem selectively excluded from exosome-like vesicles during ILV formation resulting in under representation of miRNA-repressible mRNAs and enrichment of non-complementary miRNAs being detected in exosomes ([@gks832-B24]). Comparison of the most abundant mRNA fragments ([Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)) and the most abundant exosomal miRNA, miR-29 a, ([Figure 4](#gks832-F4){ref-type="fig"}B) with its predicted targets suggests that miRNAs are not present in exosomes as a result of binding to complementary 3′-UTR's of target genes. Furthermore, comparison of our significantly up-regulated miRNAs released in exosomes from prion-infected cells and their targets ([Supplementary Table S7](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)) with our abundant exosomal mRNA fragments ([Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)) also suggest that miRNA:mRNA duplex pairing is an unlikely mechanism of miRNA packaging in exosomes. Remarkably, it has now been shown that PrP^C^ binds Argonaute proteins AGO1 and AGO2, the essential components of miRNA-induced silencing complexes (miRISCs), at the MVB and promotes formation and stability of miRISCs and miRNA-repressed mRNA transcripts ([@gks832-B54]). Furthermore, effective repression of several miRNA targets was shown to require expression of PrP^C^, directly implicating PrP^C^ in the miRNA biogenesis pathway. Interestingly, the binding of PrP^C^ to AGO was facilitated through the octapeptide repeat region of PrP^C^ ([@gks832-B54]), with mutations or expansions of this region known to causes familial prion disease ([@gks832-B55; @gks832-B56; @gks832-B57]).

While this hypothesis remains to be tested, these observations leave open the possibility that miRNAs are packaged into exosomes as a result of PrP^C^ binding AGO1 and AGO2 promoting formation of miRISCs on the MVB, which functions as checkpoint for scanning mRNAs. Therefore selecting AGO-bound complementary mRNA:miRNAs that are to be repressed, while non-complementary miRNAs are packaged into ILVs along with PrP^C^ and released with exosomes. Whether misfolding of PrP^C^ into PrP^Sc^ during prion disease infection alters its ability to bind to Argonaute proteins, modulates the function of miRISC on the MVB and subsequent release of miRNA in exosomes during prion diseases certainly deserves investigation. Given that, we have identified significant changes in particular miRNA species released in association with exosomes from prion-infected cells, its plausible to suggest that miRNAs are selectively packaged as a direct result of PrP^C^ and PrP^Sc^ and its influence on the miRNA biogenesis pathway.

In summary, our results strongly support the hypothesis that exosomes released from prion-infected neuronal cells have a distinct miRNA signature that may be utilized for the identification of prion infection. This signature comprises significant increases in let-7 b, let-7i, miR-128 a, miR-21, miR-222, miR-29 b, miR-342-3 p and miR-424 with decreased miR-146 a detection and agrees to some extent to previously reported miRNA changes detected in brains of terminally infected mouse and primate models of prion disease, and sporadic CJD samples ([@gks832-B17],[@gks832-B18]).

Evaluation of our exosomal miRNA signature in circulating exosomes derived from clinical plasma samples from sporadic and variant forms of human prion disease and in animal models infected with different prion strains will be the subject of our further studies. Importantly, it has been shown the miRNAs deregulated in prion-infected exosomes identified in this study have also been detected in circulating exosomes isolated from human serum samples ([@gks832-B14]), and that neither have currently been detected in disease-associated exosomes in the current literature and a search of ExoCarta database ([@gks832-B58]), suggesting that this miRNA signature has significant and specific diagnostic potential. However, it should be noted that our study also identified other ncRNAs and mRNA fragments ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks832/DC1)) that may also be deregulated in exosomes released from prion-infected neuronal cells. Furthermore, it has been identified that extracellular miRNA released from cells into plasma can associate in two populations, both dependent and independent of exosomes either bound to AGO2 ([@gks832-B59; @gks832-B60; @gks832-B61]) or high-density lipoproteins ([@gks832-B62]). Therefore, targeted exosomal purification strategies for enrichment of circulating miRNA biomarkers may be required to increase biomarker sensitivity ([@gks832-B14],[@gks832-B15],[@gks832-B23]). This research also has potential diagnostic implications for other neurodegenerative diseases in which exosomes have been identified to play a role including Alzheimer's disease ([@gks832-B63; @gks832-B64; @gks832-B65]), amyotrophic lateral sclerosis ([@gks832-B66]) and Parkinson's disease ([@gks832-B67]).
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[^1]: ^a^Normalized to total number of reads sequenced in pooled uninfected exosomes libraries % 100; *N* = 2; 5939 total reads.

[^2]: ^b^Normalized to total number of reads sequenced in pooled infected exosomes libraries % 100; *N* = 2; 3558 total reads.

[^3]: Highly abundant reads that are \>1.3 or \<1.3. Differentially detected between uninfected and infected exosomes are indicated in bold. Common miRNAs identified are underlined.
